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_ ABSTRACT

The application of radio frequency (RF) eleciric fields as a nonthermal alternative to (hermat snactivason of MICIo0rEan-
isms in liquids was investigated. A novel RF system producing frequencies in the range of 20 to 60 kHz was developed:
Electric field strengths of 20 and 30 ¥Vfom were apphied 1o suspensions 0 Saccharomyces cerevisiae in waler over a tem-
perature range of 35 to 55°C. The flow rate was 1.2 liters/imin, The 5. cerevisiae population was reduced by 2.1 = 0.1 log
units following exposure to a 30-kV/em field at 40°C. The results of the presﬁm study provide the first evidence that strong
RF elecuric fields inactivate microorganisms at moderately fow temperatuies. Increasing the field strength, the number of
treatments, and the teraperature énhanced fnactivation, Frequency had noeffect on inactivation over the range of frequencies

studied.

Consumers are -drinking more freshly squeezed fruif
amnd vegetable juices than ever befere (2} and are demand-
ing thatthese beverages-contain po pathogens. In addition,
they” demand that ‘these juices have freshlike qualities:and
nutrient contents, Althongh conventional thermal pasteri-
zation asstires the safety of these products, it can alsoaffect

“sensodal attributes, Therefore, alternate pasteurization pro-

cesses are act‘ive}y'bemg sought. Examples of ‘such pro-
cesses include the use of high- -pressure and electromagnetic
energy. The use of radio frequency (RI) electric fields as
a pasteurization method has been studied for over 50 years
(3). Ahhough reports often claimed that pasteurization had
been achieved under nomhermal candatxons and with weak
electric fields, th%_saass&rtmns‘couid never be confirmed,
In order to test for the existence of weak-electric-fisld non-
thermal RE inactivation, Brunkhorst et al. (/) assembled an
RF system that accurately and precisely controlled temper-

ature; When an electic. field strength of 0.5 kV/em at a

fretjuency of 18 MHz was applied to apple cider, beer, de-

ionzed water, and tomato juice; thermal-effects on Esche-

richin cell K12, Listeria -innocua; andyeast- werg  ob-
served but nionthermal effecs wers oot detected {3

" Sale and Hamilton {7} applied square wave pulses io
'suspensmm of vegetative bacteria and: yeast cells at room
temperatute’ and concluded that 2 minimum electric field
strength of 5 kV/ch is necessary 1o achieve inactivation.

Eheﬁe authors ; al 50 observed :}m ah ierease in electric field -

strength produceci an increase in'inactivation and that yeasts
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were more sensitive [0 such treatiment than bacteria were,
The dieleciric rupture theory has been proposed to explain

_this inactivation {9}, When an external electric field is ap-
plied ta celkin a suspension, an induced voltage is formed
-acrossiemembrane owiog to the memmbrans’s capacitance

As the voltage is increased, the opposite charges on sither

“stde of the membrane are-attracted to each otherawvith great-

er force, and the membrane becomes thinner At a suffi-

ciently high voltage, pores are formed in the membrane and

the cell rupmms (8). There is a lag between the applied
voltage and the induced voltage acrgss the. membmne Ow-

_ing 10 the membrane’s capacitance. Kﬂtmk et al. (6) te-

ported on the time course of rransmembrane voltage in-
duced by RF fields. Although these authors stated that it is
generally very difficolt to predicr.the peak value of the in-
duced transmembrane veltuge.it is clear fromtheir analysis
that the voltage iy significantly reduced a8 the freque:ncy 18
mcreased from 100 kHz to F-MHz '

Geveke et al. {4, 5) hypothesized that nonthermal -
activation might be-achieved if RF energy with a field

Strength of =5 kVicm andlor & fmquam:y of *«ES MHx Was
“applied. The: 053 ective of this work wag to test this hvpath‘

esis -by. mvmmaung the effect of f:ﬁquensy and field
Qirmgth on the inactivation of Saccharomyes cerevisioe at
mioderate emperatures, A novel RF sy sterm that was’ capa-
ble.of applymg a ﬁeld strength of 3 KViem' over-a fre-
quency range of 20 kHz to 60 kHz was assembled, S, cer-

Cevisioe was selected as the initial m;cm()igamsm fortesting

on'the bms of its known sens:twrty to spu}sed elecmc fields
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‘veast was cultured inyeast malt broth at 28°C for 24'h. The

" tationary-phase coliure was dituted with sterilized deionized wa-
er'to vield a population’of 'ca. & 1og CFU/mI. Fhe: solution’s pH
was 7.0, and-its condugtivity was. 60 -pSfem: This. condnctivity
jevel was.pecessarv.in order to.achieve the desired electric field
strengths.

qupmem ‘An RF powex supph svsaem that pméuced a
peak voliage of =4, 0 k¥ over 2 frequency range'of 20 to 60 kHz
was designed, purchased; and assembled. It ‘Consisted of -four

1-kW RF amplifiers {Model 1000A; Inicdustrial Test Products, Port
Washington, NUY. b and four step-up transforimers (Industrial Test

Producis): These components were connecied-in seies as shown’

in Figure 1. & function generatar (Modet AFG 310, Tektronix,
Beaverton, Oreg.) drove the-amplifiers. The voltage input to.the
amnplifiers.and the voltage and: qurrent supplied to: the RF treat-
ment chamber were measured with.an - oscilloscope {Model

FIGURE 2. Cross see%i@i“b}'-ffﬁ‘-fﬁﬂﬁmérﬂ‘ chamber, =

ik o AE S e
- Encinsure

08210, Tektronix); a current probe: (Model-41 |, Pearson Elet-

*tronics, Pale Alto, Califl),.and a voliage divider (Model VE315-
-8:.3-A-KB-A, Ross Engineering, Campball Calif.)..

- In.addition to-the unique RF powsr supply a}stem. a nove?
treatment -chamber  was. deswﬂed and. built. The chamber was
made. of Teflon. qumd flowed through a bore with a diameter of
0.64 cm. Two stainless-steel elecirodes were inserted into the Tef.:
lon perpendmu arto and in contact with the ixqmd flow. The elsc-
tmdt,s WEere cylmdmal with a diameter of 064 cm, and their ends

_were rounded and pnhshed At their closést prokimity the elec-
‘trodes were 0.16 em apart (hg 2). The cutput of the RF power

supply was connected t the electrodes. An example of the voltage
and current 5upphcd to the RF ireatmem chamber is presented in

Figure 3.

The'sxperimental syster included o statnless steel fead tank

‘and & peristaliic - pumip (Driver Model /7523:40, Head Model
- 77200562, Cole-Parmer, Vemon Hills, 1l that- supplied the feed

0 the RE-systern at flow rates of 1.2-Hers/min through Norprene
pumip whing (Model ©6402-15, Cole-Parmer) as shown in Figure
4, Turbulent flow (Reynolds number = 4,000} minimized local
tempetature pradients, On the basis of the dimensions of the elec-
rodes-and the treatment chamber, the fluid was exposed to strong

-electric fields for approximately, 10 ms. At a frequency of 20 kHaz, -

200 cycles would occur in 10 ms. The inlet. Lemperatura 1o the
RF treatment chamber was controlled with a stainless steel heat

exchanger(Model 53C0004, Madden Wanufacmrmg E}khmt ind.)
..and a temperature cantml er {Model CALL 9400 Coie Pattner).

The temperatures of the process fluid immediately before dnd

after rhe RF treatment, chamber were measured with fiber-optic

sensors (Mode] 790, Luxtron, Santa Clara, Calif). The tempera-
tures werecontinuously logped on.a dam acquas;uon sv stem (Das-

rdaby Verk ol 3'5 () Dasyte:e WSA, Ambidrst ML
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FIGURE S, RF treatment chamber w:’fagé_an{{ “Ciirrent Vertical
scales are 2 kY and 0.2 A Jor voltuge and carrent, ‘respectively.

les teelcooling ¢oil submergéd in a water bath- aftér it exited
thetreatmient chambier Thetime taken for the fuid 1o ravel from
the treatrent chamber to the Gutlet of the cooler was: approxi-
mately 3 '

In some cases, the effect of exposure to mulup e traatmamx
was desired and the fliid was recycled. Product from the outiet
of the coaler was coliected in a carboy and was processed throngh
the, system 2 second.or third time,

Each experiment was puf@rmﬁd in duphcate Resu!t‘. were

expressed as the means of the. values obtained X standard devi-
ations. The significance of differences in results obtained for the
RF electric fislds was calculated with Microsoft Bxcel statistical
analysis algorithms.

Sampling and analysis. Duplicate samples of the feed and
the products were iaken. Appropriate dilutions of the samples
were plated on tryplose agar with a spiral plater (Mode! Autoplate
4000, Spiral Biotech, Bethesda, Md.) and incubated at 28°C for
48 h. Enumerations were carried out with a colony counter (Model
S00A, Spiral Biotech).

RESULTS AND DISCUSSION

RF electric fields successfully inactivated 5. cerevisige
under nonthermal conditions. The extent of microbial in-
activation was dependent an the electric field strength, the
number of treatments, and the temperature,

A series of experiments were performed at a frequency
of 20 kHz to determine the effect of electric field strength
and temperature, and the results of these experiments are
presented in Figure 5. The S. cerevisiae population was
reduced by 3.1 = 0.1 log units after exposure © a 30-KV/
cm electric field with a treatment chamber inlet temperature
of 26°C and an ouilet temperature of 45°C, When the elec-
tic field was eliminated and the inlet temperature was
raised to match the outlet temperature, 45 °C, a reduction of

iny 0.32-0.2 log was achieved: A field strength of 30,

kViem with an outlet temperature of 40°C redne:ed & cers

b Sample
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FIGURE 4. Schematic dingram e:}j" continuous RF process.

evisize by 2.1 (.1 log-units. Geveke et ak: (4, 5) hypoth-
esized that ponthermal inactivation might be achieved if RF
energy with a field strength of =5 kV/cm and a {requency
of </18 MHz was applied. The results of the present study
confirm this hypothesis, The nonthermal inactivation is be-
lieved to be due to the dielectric rupture of the cells (8).

At 55°C, §. cerevisiae levels were reduced by 47 =&

§.log units. Inactivation was significantly more extensive

_w;th outlet -temperatures of 40 to 55°C when the field

strength was 30 kV/cm rather than 20 kV/_c_m {critical value
of Student’s ! test, £ < 0.01). This was trug even though

. the inlet temperatures of the treatment chamber were higher

for the 20 kV/cm treatments, These results prove that elec-
tric field strength, in addition to temperature, plays an im-
portant role in inactivation,

Experiments were conducted at frequencies of 20, 40,

and 60 kHz. A 20-kV/em electric field at a temperature of
50°C was applied to 5. cerevisiae. The reductions achieved
ranged.from 1.8 to 2.0 log units and werg not significantly _
different across the limited range of frﬁquencxes (P> 0.05).
- Inactivation. increased significantly  with. ingreasing
numbers.of treatments (P < 0.05), as shown in Figure 6.
A single weatment with a 30-kViem electric field at 35°C
reduced the population of 8. cerevisiae by 0.8 = 0.1 log
ynits, whereas three trearments resulted in a reduction of
3.8 = 0.4 log units.

Additional studies are recommended. The effects of RF.
electric fields on microorganisms in liguid foods should be
investigated. For such an investigation, an 80-kW RF pow-
er supply has been purchased and a new RF system Is being
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FIGURE 5. Effect of 1emperaiure and electric field strength on

the inaetivation of 8. cerevisiae ar 20 kHz. @, 20 kWoem; ﬂ 30
KV/(m Ermr burs indicate. ?mﬂdzzsddex fgtions. :
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FIGURE \6 Effect of number of rrea.zmems on the inactivation of
S.cerevisiaeat 35°C, 20 kHz, and 30 kV/cm Errm bars ma’zcaze
standard deviarions.

assembled. In addition to allowing the processing of higher
contductivity liguids such as fruit and vegetable juices, the
new system will provide power 1o several treatment cham-
bers in series, thus eliminating the néed for recycling. The
system under construction may be able to provide power
over & wider frequency range, thus enabling the study of
frequencies of >60 kHz.

CONCLUSIONS

RF electric fields significantly reduced S cerevisiae
‘populations in witer al 35°C. The results 6f ‘the present
study - constitute the first well-documented evidence that
strong RF electric ficlds inactivate microorganisms at’low
temperatures. Inactivation ‘was' dependent o electric field
strength, temperature, and number of ‘treatments: it was

INACTIVATION OF §. CEREVISIAE WITH RFEFs

found to be independent of frequency in the range of 20 1o
60 kHz. With an increase in power, the'RF process should
be applicable to higher-conductivity fluids such as vegela-
ble and fruit juices.
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